Background: Spinal fusion involves both endochondral and intramembranous bone formation. We previously demonstrated that endochondral cartilage grafts that were derived from human osteoarthritic (OA) articular cartilage can be used as a bone graft in mouse models. We hypothesized that OA cartilage could also be recycled and repurposed as a bone graft substitute in a posterolateral lumbar spinal fusion model in athymic rats.
INTRODUCTION
Spinal fusion is a common procedure used in the treatment of symptomatic spondylolisthesis with neurogenic claudication and/or radiculopathy, spinal instability, and spinal deformity. Despite advances in surgical technique, pseudarthrosis (failure of the fusion) still occurs in 18% of patients, [1] [2] [3] [4] [5] and with conventional bone graft substitutes failure is as high as 30%. 6, 7 With more than 413 000 spinal fusions performed each year in the United States 8 and an average direct and indirect cost of $41 631 for the treatment of pseudarthrosis with revision surgery, 9 this accounts for as much as $5 billion in added costs to the US health care system. Patients undergoing revision surgery face increased perioperative risks of infection, dural tears, and pain, as well as the prospect of enduring months of uncertainty before it is known whether the revision surgery was successful or not. 10, 11 One of the most efficacious bone graft substitutes in clinical use is rhBMP-2. It has been shown to have higher rates of fusion relative to the ''gold standard'' of iliac crest bone autograft in spine surgery and oromaxillofacial surgery.
12, 13 In select patient groups, such as those older than 60 years, the use of rhBMP-2 may even be cost-effective compared with iliac crest. 14 The fundamental problem with rhBMP-2 is safety. 15 Risks include fatal airway compromise when used in cervical spinal fusion secondary to local swelling. 16 Other concerns include the formation of heterotopic bone, which can cause neurologic injury. 17, 18 In 2008, these risks led the US Food and Drug Administration to issue a public health notification alerting clinicians to the complications associated with offlabel rhBMP2 use in the cervical spine.
16 Safer alternatives to rhBMP-2 include demineralized bone matrices as well as osteoconductive scaffolds that work as bone graft extenders to increase the volume of autologous grafts. However, scaffolds generally have not shown superiority to iliac crest autologous grafts. 19 Gene therapy has been demonstrated to have high levels of efficacy in forming bone in animal models 20 ; however, gene therapy may carry considerable clinical risks. 21 Biomimetic supramolecular nanofibers within collagen scaffolds that sequester/capture endogenously circulating BMPs have been shown to decrease the minimum dose of exogenous BMP-2 required for fusion but do not allow the complete absence of exogenous BMP-2. 22 To date, cell-based strategies to improve spinal fusion have focused on mesenchymal stem cells and osteoblast precursors. Importantly, endochondral bone formation is an essential mechanism in spinal fusion. During endochondral ossification, chondrocytes differentiate and hypertrophy, promoting calcification of cartilage before they are subsequently replaced by bone. 23 Terminally differentiated hypertrophic chondrocytes can also give rise to osteoblasts. 24 Therefore, the use of endochondral cartilage grafts may be a potential strategy for bone formation. Hypertrophic chondrocytes taken from fracture callus are osteogenic, and stem cell-derived endochondral cartilage stimulates bone healing. 25 Much less is known about bone formation using chondrocytes from other lineages, such as articular chondrocytes. In contrast to the challenge of securing healthy donor articular chondrocytes as is needed for articular cartilage restoration, osteoarthritic (OA) cartilage is readily salvageable from total joint replacements. We previously demonstrated that endochondral cartilage grafts derived from human OA cartilage can heal segmental long-bone defects in a mouse model. 26 We performed a pilot study to test the hypothesis that human OA articular chondrocytes could also be recycled and reprogrammed into hypertrophic chondrocytes capable of achieving posterolateral lumbar fusion in a rat model (Figure 1 ).
MATERIALS AND METHODS
Human articular cartilage was isolated from the femoral resections of a 60-year-old man undergoing elective total knee arthroplasty for osteoarthritis. Our Institutional Committee on Human Research reviewed this protocol and ruled that it did not constitute human subject research because patient identifiers and other protected health information were not collected. Articular chondrocytes were isolated with collagenase digestion as previously described. 26 Cells were expanded in monolayer to passage 6 (~700-fold expansion of cell numbers) using MesenGro MSC media (StemRD, Burlingame, California) containing Gibco GlutaMAX supplement (Life Technologies, Grand Island, New York). Expansion in monolayer allowed the artic- Human Osteoarthritic Cartilage as Bone Graft Substitute ular chondrocytes to lose their terminally differentiated phenotype.
Endochondral Cartilage Grafts
Passaged chondrocytes were released from monolayer with trypsin and centrifuged for 5 minutes at 500g. The resultant cell pellets were cultured for 4 weeks in insulin-transferrin-selenium (ITS) media (DMEM/F-12, ITS premix, Becton Dickinson, Franklin Lakes, NJ; 50 mg/mL ascorbic acid; 0.1% bovine serum albumin; 100 mg/mL sodium pyruvate; and 25 mM HEPES) containing TGF-b1 (10 ng/mL) and BMP4 (200 ng/mL).
The resultant cartilage grafts were implanted into rats as described below.
Surgical Procedure
All animal protocols were reviewed and approved by our Institutional Animal Care and Use Committee. Eight-to 12-week-old, male athymic nude rats (strain Hsd:RH-Foxn1 rnu , Harlan Sprague Dawley Inc, Indianapolis, Indiana) were used. A standardized rat model of single-level posterolateral lumbar spinal fusion was used.
27 Animals were placed under isoflurane anesthesia and positioned prone. The lumbar region of the dorsal skin was shaved and prepped with povidone-iodine. Buprenorphine and meloxicam were injected subcutaneously. A 20-mm midline skin incision was made, and the paravertebral muscles and the most posterior aspects of the spinous processes were exposed. The paravertebral muscles were reflected laterally to expose the spinous processes and lamina bilaterally. The facet joints and transverse processes of 2 adjacent lumbar vertebrae were exposed. The transverse processes, lamina, and spinous processes were decorticated. In experimental animals (n ¼ 5), endochondral cartilage grafts were laid down bilaterally in direct contact with the decorticated posterior elements (approximately 25-30 mm 3 of graft on each side). In control animals (n ¼ 5), decortication alone was performed and no grafts were implanted. The wound was closed in layers. Postoperatively, animals were allowed activity without restriction.
Determination of Fusion
A SCANCO (Wayne, Pennsylvania) Medical VivaCT 40 Preclinical Scanner was used for in vivo scans. Rats were anesthetized using inhaled isoflurane and placed in the supine position in the scanner. The spine was scanned from the L1 to S1 vertebrae at a thickness of 10 lm. A SCANCO Medical lCT 50 Specimen Scanner was used for ex vivo scans. In vivo micro-computed tomography (micro-CT) of the lumbar spine was performed under isoflurane anesthesia on postoperative day 0 or 1, and it was repeated again 4 weeks after surgery. Animals were killed 8 weeks after implantation. The lumbar spines and sacrum were harvested en bloc with retention of the surrounding musculature.
Manual palpation of the specimen prior to fixation was performed by 3 independent observers blinded to treatment groups. Each observer was asked to rate the surgical level as either fused or not fused. The observers had no knowledge of any imaging studies.
A high-resolution ex vivo micro-CT of the lumbar spine was then performed. Dissected specimens containing the lumbar spine and surrounding musculature were placed in 70% ethanol and then scanned at a thickness of 10 lm. Intervertebral fusion as assessed by micro-CT was defined as the presence of bone that bridged and was in continuity with the native bony elements of the 2 operated adjacent vertebrae. Cross-sectional micro-CT images of the spine encompassing the operated levels were reviewed, and regions of interest (ROIs) that included new fusion mass were outlined. The native bone of the vertebrae was excluded from the ROI. Manual definition of ROIs was performed on all sections that displayed a distinct bony morphology. The ''morph'' functionality of the SCANCO image analysis software was used to interpolate the contour of the fusion mass for all cross sections between the manually analyzed images. Each automated ROI was evaluated for accuracy and, if necessary, manually adjusted. This cross-sectional information was then used to calculate the total volume of the fusion mass. All micro-CT analysis and ROI contouring were performed by an investigator blinded to treatment groups.
The volumes of residual endochondral cartilage grafts in each fusion mass at 4 and 8 weeks after surgery were estimated by evaluation of coronal micro-CT images. Remnant grafts were identified as spherical, nonmineralized regions within the mineralized tissue of the fusion masses. All sections containing an individual graft were reviewed, the largest diameter of the graft was measured, and the radius (r) of the graft was calculated. The volume of each graft was estimated to be 4/3pr 3 . After imaging, samples were then decalcified with trichloroacetic acid, fixed with paraformaldehyde, embedded in paraffin, and sectioned. Adjacent sections were stained with safranin-O/fast green and Masson trichrome. 26 Two-tailed Fisher exact tests were used for categoric data analysis, and Student t-tests were used for analysis of continuous variables. SiegelCastellan fixed-marginal multirater j was used to assess interrater agreement for manual palpation. Significance was set at P , .05.
RESULTS

Radiographic Fusion
There was no evidence of new bone formation or intervertebral fusion in the control group. In the animals receiving cartilage grafts, there was new bone in all 5 animals. At 8 weeks postoperatively, bilateral fusion was identified on micro-CT in 4 animals, and unilateral fusion was identified in the remaining animal (Figure 2 ). Fusion could also be seen on micro-CT at 4 weeks postoperatively. Bilateral fusion was statistically significantly increased in the group receiving cartilage grafts (P ¼ .047). With relaxed criteria of unilateral fusion, the P value is .007. When assessed as 10 independent fusion sites the P value was .0001.
Assessment of the experimental animals through time showed that there was no mineralization (as expected) at time zero. Mineralization and new bone formation were present in the micro-CT images obtained at 4 weeks postoperatively. Spherical unmineralized areas were found in fusion masses at 4 and 8 weeks. The size, location, and appearance of the corresponding spherical regions were consistent with those of endochondral cartilage grafts that had not been completely remodeled into bone (Figure 3) .
Three end points for maturation of the fusion masses from 4 to 8 weeks were assessed: (1) volume of bone in the fusion masses, (2) volume of remnant cartilage grafts in the fusion masses, and (3) mean bone mineral density of the fusion masses ( Figure  4 ).
There was a trend toward increased volume of bone in the fusion masses from 4 to 8 weeks; however, this difference did not reach statistical significance (mean volume of 52 mm 3 completely remodeled into mineralized tissue, and the volume of all the remaining grafts had decreased. Mean bone mineral density increased from 719 mg hydroxyapatite/cm 3 at 4 weeks to 954 mg hydroxyapatite/cm 3 at 8 weeks (P ¼ .003).
Manual Palpation
Manual palpation was performed on all spine specimens after harvest at 8 weeks by 3 independent observers blinded to treatment. No control animal was judged to be fused except for 1 animal that was judged to be fused by 1 observer. In contrast, all experimental animals were judged to be fused except for 1 animal that was judged to be unfused by 1 observer. Therefore, controls were determined to be fused in 1 of 15 assessments, and experimental specimens were determined to be fused in 14 of 15 assessments. This difference was statistically significant (P ¼ .0001). The Siegel-Castellan fixedmarginal multirater j for interrater agreement was 0.73. A summary of results is presented in the Table. An unblinded examination of the specimens and imaging was performed. No characteristics were identified that explained why 1 examiner thought the control animal was fused; however, the exper- imental animal that was judged to be incompletely fused was the animal with unilateral fusion.
An unblinded examination of the specimens and imaging was performed after manual palpation was complete. No characteristics were identified that might have explained why 1 examiner judged the control animal to be fused; however, the experimental animal that was judged to be incompletely fused was found to be the only animal with radiographic unilateral fusion.
Histologic Assessment
Histology was performed to evaluate the tissue composition of the fusion masses. They consisted of shells of cortical bone with an interior of woven bone interspersed with marrow elements. The spherical, unmineralized areas of tissue seen on micro-CT cross sections had a histologic appearance consistent with unremodeled endochondral cartilage grafts (Figure 3 ). Relative to the complete fusion mass, however, the persistent cartilage component represented a small portion of the volume ( Figure  4 ).
DISCUSSION
Bone marrow-derived and adipose-derived stem cells have been used successfully to induce bone formation in a variety of preclinical models. [28] [29] [30] [31] However, this is the first study to use OA articular chondrocytes as bone graft in a posterolateral spinal fusion model. Use of chondrocytes harvested from OA cartilage that would otherwise be discarded is an attractive allograft option given the relative plethora of supply and absence of added morbidity to donors beyond the electively performed total knee arthroplasty.
The results of this study show the osteopromotive (and likely osteogenic) activity that can be achieved with cartilage rather than osteoblasts. Our control group, which only underwent decortication, showed zero fusion and zero new bone, in contrast to the 100% success rate of the experimental group, defined by unilateral or bilateral fusion. In this study, cartilage had not completely transformed to bone by 8 weeks. It is possible that these cartilage structures will remodel over time. Nevertheless, bridging bone was achieved in all experimental animals.
Because our goal for this study was to assess the feasibility of using OA cartilage as a bone graft substitute in posterolateral spinal fusion, the control group selected comprised animals treated with decortication alone. This was done to verify that the surgical approach itself would not generate heterotopic bone. A third group receiving iliac crest autograft or rhBMP-2 may have provided a performance comparison between cartilage grafts and a gold standard; however, this topic is beyond the scope of this study, and optimization of the pellet size and quantity of cartilage grafts has not yet been completed.
Comparisons to fusion rates obtained with other bone graft substitutes should be interpreted with caution. Nevertheless, compared with data from other experiments using the rat model of single-level lumbar posterolateral fusion, the performance of these cartilage grafts is promising. Hsu et al. reported that 1 lg of rhBMP-2 (low dose) had a 50% unilateral fusion rate and 0% bilateral fusion (n ¼ 8) at 4 weeks. Animals treated with 10 lg of rhBMP-2 (high dose) had a 100% bilateral fusion rate. Grauer et al. 32 reported a 30% fusion rate for athymic rats treated with bone autograft after 6 weeks (n ¼ 20). Bomback et al. 33 reported a 39% fusion rate at 6 weeks with Grafton DBM 2 cm 3 /kg (n ¼ 30). All animals treated with 560 lg of osteogenic protein-1 fused at 3 weeks. Our study cohort had 100% fusion (unilateral fusion criteria) and 80% bilateral fusion (n ¼ 5) with cartilage grafts at 4 weeks.
This study establishes a proof of concept that OA cartilage salvaged from surgical waste generated from routine orthopaedic arthroplasty surgery can be processed in a manner to generate a bone graft substitute that is effective, and likely comparable if not superior to low-dose rhBMP-2.
